In this paper, a semiparametric model is used to examine the relationship between pollution and income for three non-point source pollutants. Statistical tests reject the quadratic specification in favor of the semiparametric model in all cases. However, the results do not support the inverted-U hypothesis for the pollution-income relationship. D
Introduction
The environmental Kuznets curve (EKC) hypothesis suggests an inverted-U relationship between economic growth and environmental degradation. The most common test of this hypothesis has been to regress measures of ambient air and water quality on various specifications of per capita income and other relevant regressors, generally using a quadratic or cubic functional form. Dasgupta et al. (2002) express concern about the appropriateness of functional forms in the empirical literature: ''in most cases, the implied relationship between income growth and pollution is sensitive to inclusion of higher-order polynomial terms in per capita income whose significance varies widely''. Our purpose is to investigate the issue of functional form, using the same data as Khanna (2002) . Employing US data for 1990, Khanna uses a quadratic specification, regressing the logarithm of the ambient concentration of a pollutant on logarithm of income and a number of control variables. Including a quadratic term in income implies that the relationship is constrained to be U-shaped or an inverted U shape, thus disallowing the possibility of two turning points, say. To address this, we revisit her results using a nonparametric approach to estimation.
To the best of our knowledge, only three papers in the EKC literature (Giles and Mosk, 2003; Taskin and Zaim, 2000; Millimet et al., 2002) have used purely nonparametric models, but none have used a semiparametric model. Since Khanna's preferred model for each of the three pollutants has at least 22 regressors, pure nonparametric estimation is not feasible (due to the curse of dimensionality). Also, given that her dependent variable is based on different numbers of observations, the implied heteroskedasticity in the model has to be properly taken into account by appropriately adjusting the standard semiparametric estimation technique. We also test Khanna's parameteric specification against our semiparametric model using a test by Li and Wang (1998) .
Econometric model
The semiparametric model employed here is given as:
where y i is the logarithm of ambient concentration of a particular pollutant in region i; x i is the logarithm of median household income in region i; z i is a p Â 1 vector of demographic, political, and other control variables; u i is the random error term with E(u i jx i , z i ) = 0. Khanna's (2002) model is a special case of Eq.
(1) with m(x i ) = b 1 x i + b 2 x i 2 . We estimate Eq. (1) for carbon monoxide (CO), ozone (O 3 ) and nitrogen oxides (NO x ), but unlike Khanna, we use a nonparametric approach.
While Khanna uses weighted least squares approach with the number of observations at each site as the weights, we modify the standard nonparametric estimation of model (1) to take into account the heteroskedasticity. Following Robinson (1988) , Stock (1989), and Kniesner and Li (2002) , we estimate f(x i ) (the density function of x i ), and the conditional means, E( y i jx i ) and
) is the kernel function (we used a normal kernel), z ik is the kth component of the z i vector, and h is the smoothing parameter.
1 Our density weighted, heteroskedasticity adjusted estimator of d is given aŝ
Af , and w i is the square root of the number of observations for the ith region.
To obtain estimators of m(x i ) and its derivative (which denotes the income elasticity of pollution), we first rewrite model (1) as:
Then, using a Taylor series expansion, this equation can be rewritten as:
where b(x) is the first derivative of m(x i ) evaluated at x i = x.
1 We used h = c.stdx.n À 1/5 where stdx is the standard deviation of the variable x, and we used c = 0.8, 1, 1.2, and 1.4. Since the results were very similar across the c values, to save space we present the results for c = 1. The results for all c values can be obtained from the authors upon request. Nonparametric kernel estimators of m(x) and b(x) can be obtained by using a generalized form of the local linear least squares estimation approach. In particular, we minimize the objective function ðy À Zd À X c ðxÞÞV ffiffiffiffiffiffiffiffiffi ffi KðxÞ p X À1 ffiffiffiffiffiffiffiffiffi ffi KðxÞ p ðy À Zd À X c ðxÞÞ with respect to m(x) and b(x), where y is a n Â 1 vector, Z is a n Â k matrix, X is a n Â 2 matrix with X i =[1(x i À x)] as a typical element, c(x)=[m(x)b(x)]V is a 2 Â 1 vector, ffiffiffiffiffiffiffiffiffi ffi KðxÞ p is a n Â n diagonal matrix with the square root of the kernel function K ij as a typical element, and X À 1 is the inverse of an n Â n diagonal matrix with w i as the ith diagonal element. The resulting estimator of c(x) is given as:ĉðxÞ ¼ fX V ffiffiffiffiffiffiffiffiffi ffi
ffiffiffiffiffiffiffiffiffi ffi KðxÞ p ðy À ZdÞg. For more details about the generalized local linear estimator but in the context of panel data models, see Henderson and Ullah (2003) .
Results
So that the results are comparable, the variables in z i in model (1) are the same as in Khanna (2002) and are provided in Table 1 . All of the variables in Table 1 are in logarithmic form, except the dummy variable indicating whether or not the region is urban ( = 1). We include but do not report the results for nine dummy variables for EPA regions, and two to three (depending on the pollutant) dummy variables to account for highly influential observations, exactly as in Khanna (2002) .
We first estimated parametric specifications of model (1) with m(x i )=b 1 x i , and then m(x i )=b 1 x i + b 2 x i 2 +b 3 x i 3 to see how sensitive Khanna's specification is to alternative functional forms. The results are given in Table 1 along with Khanna's result. Note that, for both CO and NO x , the statistical significance of the income variable is highly sensitive to specification of functional form. For example, in the CO model, income is a statistically significant for the linear specification but not for the quadratic and cubic specifications; on the other hand, for NO x , the income variable is In Table 2 , we provide various distributional statistics for the semiparametric income elasticity estimates, b(x i ) for i = 1,. . .,n for each pollutant, and for the elasticity estimates from Khanna's parametric model (denoted k).
2 While the mean values are similar across the two models, the percentile distributions indicate that the elasticity estimates are quite different.
Plots of the estimates of the nonlinear components of the logarithm of income (vertical axis) for CO, O 3 and NO are provided in Fig. 1 for c = 1. The results agree with Khanna's conclusion that none of the plots exhibit an inverted-U relationship between the pollutant concentration and income.
Conclusion
In this paper, we use a semiparametric framework to extend the work of Khanna (2002) to study the relationship between three pollutant concentrations and income using US data. The advantage of the nonparametric approach adopted here is that it allows the data to determine the functional form with respect to the income variable, rather than imposing an ad hoc functional form a priori. This approach is useful in avoiding the problem of functional form misspecification.
